Abstract
n Introduction
The T-shirt has been adopted by all age levels and all social classes and is one of the most popular clothing items. Just as the technology of mass production has made it possible for everyone to have T-shirts, further application of manufacturing advancements and digital printing technology has made it possible and practical for everyone to have T-shirts customised to fit his/her individual needs. As knitted fabrics can be a carrier of easily readable wearable information, individuals can create their own computerised designs [1, 3] . T-shirt print designs with fashion and advertising messages are a phenomenon of the twentieth century, particularly the latter half. In recent years QR Codes have printed on the shirts, having a decorative and functional role (Figure 1 ).
The QR (Quick Response) Code is the trademark for a type of matrix barcode (or two-dimensional code) first designed for the automotive industry. More recently, the system has become popular outside of the industry due to its fast readability and large storage capacity compared to standard UPC (Universal Product Code) barcodes. The code consists of black modules arranged in a square pattern on a white background. The information encoded can be made up of four standardised kinds of data: numeric (0-9), alphanumeric (0-9, A-Z, space, $, %, *, +, -, ., /, :), byte/binary and Kanji. The amount of data that can be stored in the QR Code symbol depends on the data type, version (1 to 40 -indicating the overall dimen- the actual centre position of the alignment pattern will be calculated to have the mappings corrected. This will make the distorted linear/non-linear symbols readable.
The QR Code is detected as a 2-dimensional digital image by a semiconductor image sensor and is then digitally analysed by a program. The program locates the three distinctive squares at the corners of the image, and normalises the image size, orientation, and angle of viewing. The small dots are then converted to binary numbers and the validity checked with an error-correcting code. Users with a camera phone equipped with the correct reader application can scan the image of the QR Code to display text, contact information, connect to a wireless network, or open a web page in the telephone's browser [4 -7] .
Application of the QR Code is usually commercially implemented in paper, packaging and plastic materials, as well as metal substrates, while their application to textile materials has been, until recently, poorly represented. All textile materials, knitted fabric especially, are characterised by large non-uniformity of the structural and surface properties which are susceptible to further changes in use and after care [8, 9] . In this regard, it can be assumed that both the durability and readability of QR Codes printed on knitted fabrics greatly depend on the knitting dimensional stability and wear resistance during use. Also the functionality of the damaged but still decodable QR Code will be affected by size of the missing piece of code, as well as by changes in the modules' size and their appearance, sufficient colour contrast between the background and modules in the QR Code, and the colour fastness of the print.
The colour fastness of printed textiles were commonly assessed by grades of colour fastness to washing according to the EN ISO 105-C06, colour fastness to dry and to wet rubbing according to EN ISO 105-X12, and colour fastness to wet scrubbing of pigment printed textiles according to EN ISO 105-C07 [10 -12] . The standardised procedures for determination of the print's colour fastness to washing and rubbing did not fully meet the conditions of long-term care and wearing simulation of T-shirts, as they are too gentle (single wash, 10 rubbing cycles, including straight line motion of rubbing finger) or too aggressive for thin knitted fabrics (brush scrubbing), and most commonly do not allow testing of the entire surface of the functional print. Additionally numerical ratings of the textile colour fastness are mostly visually assessed -compared with grey scale for assessing change in colour complying with EN 20105-A02 and the staining of adjacent fabrics according to EN 20105-A03 [13, 14] . As ratings depend on the experience and subjective estimation of the evaluator, it is necessary to include an objective instrumental assessment based on spectrophotometrically determined CIEL*a*b* colourimetric values and calculation of the change in colour ΔE* according to contemporary guidelines. Therefore, and due to the fact that the fastness of QR Codes printed on textiles is not fully defined in literature, in this paper a methodology was proposed for durability assessment of functionally printed knitted fabrics that includes the implementation of long-term care and wearing simulation -which the Tshirts are exposed to over their lifetime. It includes the implementation of multiple washing and drying cycles, as well as multiple rubbing and abrasion cycles performed over the entire surface of functional prints, which faithfully imitates the movements of the body in contact with other surfaces. With the aim of confirming the applicability of the methodology proposed, two QR Codes were printed on white weft-knitted fabrics with different amounts of information in two sizes using screen printing and transfer printing techniques. Dimensional changes after multiple washing and drying cycles were determined for non-printed and functionally printed knitting, as well as the abrasion resistance and tendency to surface pilling after multiple rubbing cycles using a Martindale abrasion tester. The effect of usage simulation on the functional print's durability was defined, as well as colour fastness, readability and aesthetic properties.
n Experimental
Materials
The investigation was carried out on two white single jersey weft-knitted fabrics most frequently used for T-shirts: the first made of a cotton and elastane fiber mixture and the second of cotton. Properties of the knitted fabrics used are shown in Table 1 .
Preparation of QR codes
QR Codes with two different amounts of information (1 and 2) in two sizes (a: 25 × 25 mm and b: 50 × 50 mm) were designed. The codes selected were smaller in size with the purpose of facilitating the definition of the influence of the code size and the size of the black modules in the QR Code on the results. Facilities that are stored in the QR Codes are text information. The content of the first QR Code has the name Adi Anadolac and that of the second QR Code are data of the institution: Faculty of Textile Technology, University of Zagreb, Prilaz baruna Filipovica 28a, 10000 Zagreb, Croatia, e-mail: fakultet@ttf.hr, website: http://www.ttf.unizg.hr (Figure 4) . agitation during heating, washing and rinsing at 60 °C) of EN ISO 6330 [21] with non-phosphate reference detergent 3 (without optical brightener). The distances between paired shrinkage dots placed on the fabric are manually measured before and after laundering and flat drying (procedure C). The percentage change in the length and width of the knitted fabrics was calculated, and the state of whether the dimension has decreased (shrinkage) was expressed by means of minus, or increased (extension) by means of plus.
The influence of changes in the dimensions of printed QR Codes (caused by dimensional changes in the fabric) on their readability was also analyzed.
n Colour fastness, change in the surface appearance and readability of printed QR Codes -after multiple washing and drying cycles, and multiple pilling rubs. The black parts of QR Codes were assessed for colour loss and the white parts for staining (based on spectrometric determined CIE L*a*b* colourimetric values including the brightness L*, saturation C* and hue h*) using a remission spectrometer -X.Rite DT41 at D65/10 with ColourShop software. The CIEL*a*b* colour parameter differences Δa*, Δb*, ΔL*, ΔC* and ΔH* were calculated between the untreated reference sample and samples after the simulated condition of use. The change in colour ΔE* 00 , given by mathematical Equation 1 [22] , was calculated from colour that includes the implementation of multiple washing and drying cycles, as well as multiple rubbing and abrasion cycles. Therefore for non-printed and functionally printed knitted fabrics, the following were determined:
n Abrasion resistance -using a Martindale abrasion tester according to EN ISO 12947-3 [19] . When using this method, for determination of the test sample's mass loss (expressed in %), the specimen tested moves according to the Lissajous curve, and the standard woven wool fabric is abraded over the entire surface. [15] . The sizes of both QR Codes are shown in Table 2 . The error correction level for both QR Codes was set to the commonly used medium-low [6] . The QR Codes were scanned using a smart phone -Samsung Galaxy S+ and the program i-nigma (3GVision) [16] . The resolution of this smart phone camera is 5 megapixels.
The printing pattern ( Figure 5 ) was prepared in the CMYK colour space and stored in the standard TIFF format, which ensured a unified appearance of the QR codes on various computers and operation systems, and in consequence on the print.
Functional printing
In order to transfer readable information, repeat patterns were printed in black colour on both knitted fabrics using two of the printing techniques most frequently used for T-shirts: direct screen printing (S) and indirect transfer printing (T).
Screen printing is a versatile applicable printing process. The basic advance of screen printing is in printing costs while printing large quantities of textiles. Generally it consists of a structured PET stencil mounted in a frame for stabilisation [17, 18] . The frame lay on the top of the printing media (knitted fabric) and the textile printing ink (here, Aqua 16709-Black, KIIAN S.p.a.Italy -water based ink with matt finish) was pressed through the stencil by a scraper onto the media. Drying was performed at room temperature for approx 2 h, and curing at 150 °C for 3 minutes.
The second set of prints was made with a Roland LEC-300 printer using piezo ink-jet technology with Roland ECO-UV ink. Non-transparent polyurethane transfer foils (Poliflex Printable 4016) printed for indirect printing, in the size of 150 × 150 mm, were transferred separately onto textile materials by means of a heat press -Senko DHP T-15, at a pressure of 32 kPa in 20 seconds at 168 °C (fabric sample 2) and 150 °C (fabric sample 1).
Methodology for durability assessment
The impact of usage simulation on the durability of printed QR Codes influenced by dimensional, structural and surface changes in knitted fabrics was determined on the basis of the methodology proposed for durability assessment preferences for hue, lightness and saturation in a uniform CIE L*a*b* colour space and converted to the gray scale rating (GS) according to EN ISO 105-A05, and to the staining scale rating (SSR) according to EN ISO 105-A04 (numerical ratings 1-5) [23, 24] .
The single factor analysis of variance (ANOVA) was used to verify the influence of the usage simulation on the properties tested, as well as the significance of changes determined on the readability of QR Codes printed by two different techniques on knitted fabrics. In this analysis, the factor is a categorical predictor variable, composed of groups, and treatment is a factor with various types of treatments (two different printing techniques) comprising the groups. It would mean that a subject is given only one (one fabric sample) of the two possible treatments.
One-way ANOVA consists of separable parts; partitioning sources of variance and hypothesis testing can be used individually. It estimates three sample variances: variance based on the observation deviations from their appropriate treatment mean, treatment variance (variance between groups) based on the deviations of treatment means from the grand mean, and total variance (variance within groups) based on all observation deviations from the grand mean. The statistical significance of the experiment and the effect of any treatment are estimated by taking the difference between the mean of observations which receive the treatment and the grand mean (F).
ANOVA is used to test the null hypothesis that various printing treatments have exactly the same effect. There are two methods of concluding the ANOVA hypothesis test, both of which produce the same result: n The textbook method is to compare the value of F observed with the critical value of F determined from the tables. The critical value of F is a function of the degrees of freedom (DF) of the numerator and the denominator and the significance level (α). If F ≥ F crit the null hypothesis is rejected.
n The computer method calculates the probability (p-value) of a value of F greater than or equal to the value observed. The null hypothesis is rejected if this probability is less than or equal to the significance level (α). P-values lower than 0.05 mean the treatments had a statistically significant effect on the properties tested at the 95.0% confidence level.
n
Results and discussion
The results obtained from the investigation are presented in Tables 3 -16 . The impact of abrasion on the knitted fabrics mass loss expressed in percentage with regard to the initial sample mass, calculated as an average of 4 measurements, is shown in Table 3 for nonprinted samples and for printed samples (QR 1a and QR 2a) by the screen printing technique and transfer printing in Table 4 .
For the initial non-printed knitted fabric samples, as well as those screen printed, considerable weight loss was found, along with significant thinning. An increase in the number of abrasion rubs on the screen printed samples also leads to intensified wear of the functional prints in both knitted fabrics, which after 20000 abrasion cycles caused the non-readability of QR Code 2a with smaller black modules (Figure 6 .a). The abrasion of prints is more pronounced on the surface of single jersey cotton fabric mixed with elastane (sample 1), where the additional breakdown of yarns occurred during the last 5000 cycles of wear.
At the beginning of the abrasion resistance test, transfer printed fabrics coated with polyurethane film of significantly larger thickness in comparison to the initial samples (thickness of the first sample was 0.50 mm and the second sample 0.47 mm) were abraded with standard wool abradant. Finally at the test's end, as light reduction in the weight of the samples tested occurs, which is more pronounced in the first knitting. With good readability, this is referred to as the high abrasion resistance of the transfer printed QR Codes. 
a) b)
As the transfer printed fabrics show no tendency of surface peeling (grade 5), in Table 5 peeling ratings are shown (1-the worst, 5 -the best) only for non-printed and screen printed knitted fabrics.
The results presented show a reduction in piling grades after an increased number of rubbing cycles. A minimal difference between the grades of non-printed and screen printed fabrics was found after 1000 and 2000 control cycles, which can be explained by the better visibility of black coloured pills on the white background caused by the black print's abrasion. After 21000 piling rubs, along with pilling grade 2, QR code 2a printed in the size 25 × 25 mm were found unreadable in both knitted fabrics (Figure 6.b) .
Single factor ANOVA shown in Tables 6  and 7 shows considerably higher values of treatment variance (mean square values between groups) compared to the total variance (mean square values within the groups) and the rejection of the null hypothesis. This confirms that various printing treatments have a different effect on mass loss and piling assessment after wearing simulation for both knitted fabrics tested (S1 and S2) or that the at least one of the means is different. The influence of wearing simulation is more pronounced in screen printed fabrics (SP), which is confirmed by higher dispersion of the results within group 1 -ie. variance based on observation deviations from their appropriate treatment mean. It amounts to the mass loss of screen printed samples S1-SP 8.1480 and S2-SP 8.7027 (Table 6) , and for piling grades of screen printed samples S1-SP 0.8393 and S2-SP 1.0313 (Table 7) , while the values of transfer printed (TP) samples are below or equal to zero. The significant difference in material mass loss identified and induced piling on the surface of screen printed knitted fabrics also affects the poorer readability of screen printed QR Codes, which is primarily evident for the smaller QR Codes, with more encoded data.
The results presented in Table 8 (see page 134) indicate different dimensional changes in the knitted fabrics investigated diring washing. Deformation was recorded for both single jersey knitting -shrinkage in length and extension in the width direction. However, better dimensional stability is detected in the second sample made of cotton. With an increased number of domestic washing and drying cycles (5 -20) , the dimensional changes are mostly higher, and after 20 cycles a slight that the washing temperature applied was higher than 40 °C (recommended by the manufacturer of the transfer foil). Increased shrinkage and reduction of QR Code dimensions did not affect their readability. But after 9 washing cycles, change in the surface appearance of QR Codes on fabric samples 1 and 2 was observed, as well as cracking of the film in fabric sample 1 (due to increased fabric elasticity). Loss of colour and disappearance of certain black modules significantly influenced the readability (Figure 7) . The following have been identified as non-decodable QR Codes: n for knitted fabric sample 1 -QR 2a after 9 washing and drying cycles, QR 1a after 18 cycles, and QR 2b after 23 cycles. n for knitted fabric sample 2 -QR 2a after 6 cycles, QRs 1a and 2b after 9 cycles, and QR 1b after 15 washing and drying cycles.
The single factor ANOVA presented in Table 10 also results in considerably higher values of treatment variance compared to the total variance and and rejection of the null hypothesis. This confirms that various printing treatments have a different effect on the percentage change in length and width after longterm care simulation for both knitted fabmation of QR Codes after repeated washing and drying cycles. However, due to dimensional changes, only the QR 2a Codes in the size of 25 × 25 mm on knitted sample 1 after two repeated cycles of domestic washing and drying were found to be unreadable, and for knitting sample 2 after 5 multiple care cycles.
For transfer printed samples, regardless of the knitted fabric's dimensional changes, the shrinkage of transfer foil was found in both directions -length and width, which can be explained by the fact relaxation of knitting structure was determined. Although white cotton T-shirts are washable at a temperature of 95 °C, after subsequent washing at a temperature of 60 °C, shrinkage in the length of approximately 7.5% was found in knitted fabric made of cotton, while in that made of a blend of cotton and elastane fibers, shrinkage was considerably higher (up to approx. 15.5%).
Similar dimensional changes were found for screen printed samples ( Table 9 ) that significantly affected the uneven defor- rics tested (S1 and S2), ie. there are significant differences determined between them. The influence of multiple washing and drying cycles is more pronounced for screen printed fabrics (S1-SP and S2-SP) in the length direction, as confirmed by the higher average values of shrinkage within group 1. In the width direction for screen printed fabrics (S1 and S2) is the established extension; but the influence of long-term care is more pronounced in transfer printed fabrics (S1-TP and S2-TP), as confirmed by the higher average values of shrinkage and variance determined within sample group 2.
Figure 7. Non-decodable transfer printed QR Codes on cotton knitted fabric (sample 2) after multiple washing and drying cycles.

Figure 8. Appearance of QR 1b Code screen printed on cotton knitted fabric (sample 1) before and after 25 washing and drying cycles: influence of shrinkage and change in colour.
Significant changes in knitting dimensions and uneven deformation (in the length and width directions) affect the readability only of smaller QR Codes, with a larger amount of encoded data printed in the screen printing technique due to the reduction in dimensions of black modules (square area smaller than 1 mm 2 ) immediately after 2 -5 washing and drying cycles. In transfer printed QR Codes changes in readability happen later -after 6 -9 washing and drying cycles, with lower dimensional changes and more uniform deformation (shrinkage in both directions). Worse readability is associated with dimensional changes in size and the level of damage of black modules (both depended on the error correction level). Uneven changes in black modules related to the cracking of the film and colour loss significantly affect the readability, as confirmed by the results shown in Table 13 (see page 136).
Colour fastness and change in the surface appearance of both printed fabrics within the same group are very similar, and these were explained using the results obtained for the first knitted fabric (measured on larger modules of QR 1b Codes). For screen printed fabric samples the most intensive change in the appearance of QRs was noticed immediately after the first washing and drying cycle performed (Figure 8) . The black printing ink applied for direct printing was not bound firmly enough onto the substrates, which is also indicated by high values of ΔE* 00 (the most influenced by change in hue and increase in the brightness of black prints) and the corresponding grades of gray scale (1-the worst, 5 -the best), presented in Table 11 . The low black print's colour fastness to washing, and the reduced contrast between the white background and black modules did not affect the readability of QR Codes printed in the larger size (even after an increased number of washing and drying cycles).
On the white background of screen printed patterns, after the first and multiple washing and drying cycles, no significant changes were observed, which can be seen also from corresponding staining grades (Table 12 ). The poor fastness of black ink in screen printed samples and a large amount of unbound dye also affects a significant change in the appearance of printed black modules after repeated pilling rubs ( Table 11 ). The transfer of black dye onto the white background occurs here (Table 12) , which is indicated by the increasing change in colour ΔE* 00 (the most influenced with a change in hue and brightness reduction).
Changes that occurred in black fields of QR Codes of transfer printed samples after 10 multiple washing and drying cycles were determined through their reduced readability and confirmed by the results shown in Table 13 . A significant increase in brightness and change in the hue of black modules were recorded, which caused a change in the colour and thus the GS grades. Although not observed by visual examination, a change in the hue of black coloured modules of transfer printed QRs also occurred after multiple pilling rubs.
No significant changes were observed on the white background of transfer printed patterns after multiple washing and drying cycles and multiple piling rubs, which can be seen also from corresponding ΔE* 00 values and staining grades ( Table 14) .
With the purpose of implementing single factor ANOVA, in Table 15 are shown spectrometric values of change in the colour (ΔE* 00 ) of black parts of screen and transfer printed QR Codes evaluated for the second knitted fabrics after multiple washing and drying cycles (measured on larger modules of QR 1b Codes). The single factor ANOVA presented in Table 16 results in accepting the null hypothesis, which confirms that the various printing treatments have the same effect on the colour loss of black parts of screen and transfer printed CR Codes (expressed by ΔE* 00 ) after longterm care for both knitted fabrics tested (S1 and S2) -ie. there is no significant difference between them. Significant change in colour (ΔE* 00 ) and reduction in corresponding values of gray scale ratings (GS) occurred on black modules of QR Codes printed using both printing techniques. That is supported by the values of the F-ratio calculated, which are Despite the high values of change in colour (ΔE* 00 ) determined in screen printed fabrics, no significant effect on the readability of QR Codes was established because the uniform change (ie. graying) of entire modules (Table 11 ). In transfer printed QR Codes the significance of colour loss (ΔE* 00 ) on readability is higher, because of the uneven change in the black modules, especially after 10 washing and drying cycles, which is indicated by increased variability within group 2, the significantly greater variance of ΔE* 00 and corresponding values of gray scale ratings (GS) for the S1-and S2-TP-W&D-B sample groups.
n Conclusions A T-shirt with a printed QR code is a functional medium that allows the transfer of information and modern communication, and is usually applied for personal "hidden messages" for marketing purposes as a carrier of advertisements or for the purpose of promoting a company, product or service. In order to ensure the functionality of a product, it is necessary to define its durability.
The results of the analysis performed confirmed justification of the implementation of the methodology proposed for durability assessment of functionally printed knitting.
It was found that: n The structure of knitted fabrics, their dimensional stability, the number of care and wear cycles performed, the printing technique and the size of black modules in the QR Code have an influence on the results obtained. n For screen printed fabrics, wearing simulation significantly impairs the usage quality. Material mass loss, thinning and induced pilling on the surface of knitted fabrics significantly affects the readability of printed QR Codes. Dimensional changes in knitting (in this regard and printed QR Codes) during the simulation of care, as well as significant changes in the hue of screen printed QR Codes do not have a significant impact on their readability. n Samples printed by the transfer printing technique are very resistant to wear. For the readability of transfer printed QR Codes, the cracking of the film and changes in their surface appearance are of crucial importance -loss of colour and disappearance of black modules that commonly occur after multiple washing and drying cycles. n The size of printed QR Codes and black modules in the QR Code are of crucial importance for their readability on knitting. Larger codes with a smaller amount of encoded data have a more consistent functionality.
For practical application, it is therefore recommended that: n T-shirts printed by the transfer technique, as well as those made of a blend of cotton end elastane should be washed at a lower temperature (of 40 °C).
n In screen printing the quality of dyestuff bounded onto the printed substrate is taken into account. n QR Codes in the screen printing technique should not be printed on parts of T-shirts exposed to pronounced wear. n For prints in knitting larger QRs with less encoded data should be chosen (of a minimal size of 50 × 50 mm). n In the designing of QR Codes, higher error corection levels should be applied. 
